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Abstract 
The weakening of Lymphatic Muscle (LM) is an essential contributor to the lymphatic pump 
dysfunction underlying many forms of lymphedema (Olsewski, 2002). Unfortunately, there is an 
essential lack of understanding of the molecular and mechanical properties of the LM. Current therapies 
to ameliorate lymphedema are limited to promoting passive lymph transfer. Despite the pivotal role of 
the lymphatic system, there is little known about the specific mechanical properties of LM which has 
widely considered to be equivalent in function to Vascular Smooth Muscle (VSM). This can be 
attributed by their common functional characteristics (1) both are able to develop and sustain 
spontaneous tone mediated by vasodilators and vasoconstrictors, (2) both dilate in response to intrinsic 
and imposed flow mediated by shear-stress sensitivity, and (3) both express contractile proteins 
common to vascular smooth muscles. However, recent studies have shown that lymphatic muscles share 
similar molecular actin isoforms and myosin heavy chains found in cardiac muscles (Zawieja, 2003) 
indicating that LM have unique characteristics separate from those of VSM. In addition, studies on 
mesenteric lymphatic vessels reveal that the passive Length-Tension (L-T) and Force-Velocity (F-V) 
relationship are fundamentally unique. The LM has the ability to develop a 5 to 10 fold increases of 
active force during maximal activation compared to spontaneous contraction (Davis, 2007). 
Furthermore, the F-V relationship in LM has been revealed to be much higher than that of VSM. The 
F-V relationship defines the actomyosin cross-bridge cycling rate and essentially helps us quantify the 
molecular and chemo-molecular transduction process. 
The LM has the ability to contract over a wider range of diameters improving pumping and 
contractility. As has been suggested by other experimental results, the LM is involved in a dynamic 
reorganisation of both cytoskeletal components and contractile units, through actin-myosin 
disconnectivity and changes in parallel to serial force transition pathway. This ‘adaptive’ reorganization 
allows for larger length changes within the LM. The aim of this study is to develop a new multi-scale 
model to analyse contractile behaviour under physiological and pathophysiological conditions. This 
will provide us with a greater insight to the fundamental mechanical difference  between LM and VSM 
and potentially provide new avenues for selective therapeutic target of the lymphatic vessels. 
Our initial model is developed by adapting the Huxley-Hai-Murphy cross-bridge model which 
allows us to represent contractile unit kinetics, investigate the effect of dynamic remodelling of ‘force 
transmission pathways’ in cells and identify the characteristics involved in this robust system that allows 
various Lymphatic vessel diameter adaptations to lymph flow and pressure changes at both a molecular 
and cellular level. This modelling allows us to determine the intrinsic differences that make the LM so 
unique. To achieve this, a series of both computational and experimental approaches have been 
developed, to allow us to characterise and describe the behaviour of lymphatic muscles in vivo.  
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Introduction 
Over fifty years ago A. F. Huxley formulated a model for muscle contraction. Since then there 
have been significant insights on the muscle fibres and contraction mechanisms to help explain force 
generated. Huxley gave a base model on striated muscle contraction along with energy production. 
Insights on smooth muscle and cardiac muscle have also been extensively researched and well 
documented. However, in recent years the research on the lymphatic system has unveiled that muscle 
surrounding lymphatic vessels may differ from the known muscle contraction of the three muscle types 
known. This revelation has posed the question as to what mechanism affords the lymphatic vessels their 
unique function. This paper investigates the current mechanisms on muscle contraction and proposes 
possible mechanisms that explain the smooth muscle surrounding lymphatic smooth muscle. At this 
stage we are only able to use mathematical modelling to investigate various contraction mechanisms as 
experiments on lymphatic smooth muscle cells are still unavailable to us due to our limitation to extract 
LSM. 
The lymphatic system is a network of vessels that runs parallel to the vascular system and 
preserves cardiovascular homeostasis by regulating interstitial fluid volume and protein concentration. 
This balance is maintained through the pumping of 4-8 litres of fluid back into the blood each day 
(Schmid-Schonbein, 1990). Pumping occurs through two mechanisms, intrinsic and extrinsic. The 
extrinsic pumping mechanism relies on compression and expansion of the lymphatic vessel by external 
forces applied by surrounding tissues to generate the pressure gradients needed for flow. The intrinsic 
pumping mechanism is driven by the phasic contraction of the lymphatic vessels generated by 
coordinated contractions of the lymphatic muscle cells (LMC). The rapid contraction of lymphatic 
muscle leads to a reduction in vessel diameter and increase in local pressure which induces closure of 
the upstream valve and opening of the downstream valve to allow lymph flow (Davis, 2012). LMC 
contractions are initiated by pace maker activity at focal points within the muscle layer of the lymphatic 
wall (Davis, Ku, & Gashev, 2009).  Through these two pumping mechanisms the lymphatic system is 
able to transport large volumes of lymph against net hydrostatic pressure and protein concentration 
gradients. 
Disruption of transport of lymph flow causes lymphedema, which is connected to different 
pathologies such as inflammation, parasitic or bacterial infection, and partial of full occlusion of 
lymphatic vessels and nodes after surgical removal or irradiation (Benoit, 1989). Unfortunately, there 
are few effective treatments to combat this complication. In recent years there has been research to 
widen our understanding on the mechanisms of lymphatic vessel contraction. It has been revealed that 
the lymphatic vessels are a dynamic and robust system. Therefore, current treatments are lacking as 
there exist a minimal understanding of how mechanisms of molecular contraction interact with cellular 
mechanisms to produce a rapid whole tissue response. There is a clear need to expand our knowledge 
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of molecular and mechanical responses to pathologies. The following discussion highlights the 
information currently known and investigates avenues to help expand our knowledge. 
Although lymphatic muscle is not as well characterized as cardiac and vascular smooth muscle 
current research indicates that the contraction mechanisms are similar to both muscle types. LMC 
contraction is initiated by an increase in intracellular calcium concentration (Davis, 2009; Keener & 
Sneyd, 2009). Calcium binds to calmodulin leading to the formation of the Ca 2+ Calmodulin complex 
that activates the myosin light chain kinase (MLCK) and eventual muscle contraction (Kamm & Stull, 
1985). LM has for years been thought to function like vascular smooth muscle. There exists striking 
functional and structural similarity between the VSM and LM namely the fact that both are able to 
develop and sustain spontaneous tone mediated by vasodilators and vasoconstrictors, both possess the 
ability to dilate in response to intrinsic and imposed flow mediated by shear-stress sensitivity of, and 
both express contractile proteins common to vascular smooth muscles including actin isoforms and 
myosin heavy chains (MHC I and II). 
The molecular characterisation of LM, has also shown that LM contains an interesting 
combination of cardiac and smooth muscle specific organizing proteins. Recent data has shown the 
expression of the smooth muscle variant SM-B MHC in rat mesenteric lymphatic muscle correlates to 
the tonic contractile nature of LM (Muthuchamy, 2003). Additionally, LM also exhibit the presence of 
β-MHC molecules usually found in slow-skeletal/foetal cardiac muscle. Myosin light chain (MLC) 
variants in smooth muscle have a high dependence on Ca2+ MLC phosphorylation which plays a major 
role in contraction. MLC dependence on Ca2+ has profound effects on the cross-bridge cycle and adds 
additional constrains (discussed in later section).  It is yet to be established if LM exhibits the myosin 
ATPase correlation to MLC phosphorylation as seen in smooth muscle or Ca2+ binding troponin C as 
seen in striated muscle as suggested by recent data (Muthuchamy, 2010). These variations in regulatory 
molecules components highly affect the kinetics of the cross-bridge cycle and impact the determination 
of the appropriate model because we are unsure of how the various factors might impact the total power 
output in muscle contraction. 
Furthermore, recent studies have identified additional regulatory molecules in LM that are also 
found in cardiac and skeletal muscle, namely cardiac 𝛼-actin isoforms, which are thought to regulate 
phasic contraction in LM. Phasic contractions of lymphatic vessels are initiated by pacemakers 
distributed throughout the vessel wall (Muthuchamy 2006). The action potential resulting from 
pacemaker activity produce calcium changes similar to those seen in cardiac muscle. These discoveries 
prompted additional research into the contractile mechanism of LM. In 2013, experiments conducted 
by Davis et al. reported that LM has a higher shortening velocity than was earlier hypothesised. The 
shortening velocity, velocity at which maximal contraction occurs, is closer to that of cardiac muscle 
than VSM. Mesenteric lymphatic vessels were recorded to contract at a speed of (0.48 L/s) compared 
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to those recorded for phasic smooth muscle (0.05– 0.5 L/s) (Davies et al. 2013). In light of this new 
information, it has been hypothesised that LM possess a unique contractile mechanism with similarities 
to both cardiac and smooth muscle regulatory contractile molecules.  
Additionally, it’s known that lymphatics from different parts of the lymphatic tree exhibit 
different contractile properties, smaller, more peripheral vessels may behave differently from larger 
more central vessels. Given the nature of intrinsic pumping it is clear that there is a dynamic balance 
between the active force generated by LM and the passive forces generated by the extrinsic pumping 
mechanism. Importantly, these forces manifest and interact on many levels, from molecular 
integrations, to cellular signalling to whole tissue responses to create a dynamically modulated system 
of phasic contraction as seen in lymphangions.  In addition, at a tissue level of interaction, it has been 
shown that the transmural pressure affects pacemaker activity along the muscle wall in turn affecting 
contraction strength and frequency (Gashev, 2002). This creates a complex set of interactions of the 
lymphatic system in humans that makes it difficult to predict the responses of lymphatic tissue at 
different locations of the lymphatic tree.  
In light of the new information about the dynamic nature of lymphatic muscle, it is necessary 
to examine the behaviour of LM from a molecular to a tissue level of mechanics to better understand 
the pathologies that affect lymphatic pumping and aid in developing better therapeutics. A 
computational approach to investigate these interactions will provide us with a way to understand the 
pumping/contraction dynamics of lymphatic vessels. Herein, I describe the most basic of computational 
modelling techniques available to understand the molecular interactions of the LM. It is also imperative 
to conduct experimental work to further modify base models if a suitable base model is to be created as 
discussed in the future work section. More importantly such a computational approach will provide a 
virtual laboratory to investigate various dysfunctions in the lymphatic system. In the following sections, 
I will discuss the molecular interactions of the lymphatics system and various approaches to modelling 
the LM at a molecular scale. 
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Specific Aims 
Characterise the dynamic and highly adaptable contraction of lymphatic muscle 
This will allow us to hypothesis and investigate the various possible interactions between molecular 
mechanisms of contraction and cellular to Lymphatic tissue vessel contraction that has been 
experimentally observed.  
Specific-Aim 1. Develop a computational model to describe LM contractility at the molecular level 
To analyse Huxley’s and Hai-Murphy’s models on crossbridge cycling to develop a computational 
model for cross-bridge cycle that characterises LM contraction behaviour. 
Specific-Aim 2. Develop a computational model to describe LM contractility at a Cellular level 
With the knowledge that lymphatic cells contain a mixture of striated and smooth muscle regulatory 
elements as well as different contraction responses (tonic and phasic). It’s proposed that the LMC has 
a robust ability to adapt by changing contractile elements in a force transmission pathway and perhaps 
affect the frequency and force of contraction observed experimentally. Following this argument as 
adapted by Brook and Jensen (2013), we propose that contractile units dynamically reorganize in 
response to different stretch amplitudes thus, resulting in an adaptive force generating system 
Specific-Aim 3. Multi-scale model development 
Models of transmural pressure changes and their effect on muscle contractility have been developed in 
work done by Jamalian et al. 2014. We plan to couple our model with this tissue level model by working 
from the law of Laplace for thin walled vessels. Thus, we can define the dynamic stress response at the 
molecular level which can in turn be used to in turn create a model that describes cellular behaviour 
which can be used to describe the effect at the tissue level. 
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CHAPTER I 
Understanding the Molecular Models 
 
Figure 1. Schematic of proposed contractile filament architecture similar to that of airway 
smooth muscles from Kuo & Seow (2004). 
Muscle contraction in all types of muscle cells is produced by cyclic cross-bridge formation 
between myosin and actin filaments which generate force and movement. Although, the kinetics of 
these cross-bridges interactions is still unknown in lymphatic muscle the behaviour of lymphatic muscle 
has been partially characterised. Lymphatic muscle cells are considered to be electrically active with a 
variety of ion pumping channels and exchangers on cell membranes that generate action potentials 
(Muthuchumy, 2003). The contractile apparatus of LM, like smooth muscle and striated muscle, is 
generally organized into discrete sarcomeric units, although it is not as highly organized as striated 
muscle. This is primarily due to the myosin and actin filament organizing proteins. As mentioned 
earlier, the LM has been shown to contain an interesting combination of cardiac and smooth muscle 
specific organizing proteins. We propose a molecular computational model that will take into account 
the variation of regulatory proteins observed in experiments. The following discussion describes 
currently models used and provides a fundamental description of the crossbridge cycle. 
A. Huxley Model of the crossbridge cycle 
The thick filament consists of the myosin protein that is made up of a polypeptide chain with a 
globular head. These heads are known as crossbridges and interact with the thin actin filament parallel 
to the actin filament, the continuous attachment and detachment of the myosin heads to the actin 
filament generates mechanical force to allow shortening and lengthen of tissue muscle. In 1957 Huxley 
formulated a mathematical model to describe the crossbridge cycle in skeletal muscle.  
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The Huxley model assumed that the attached crossbridges can be characterised as the 
longitudinal distance between the actin binding site to the position of the unstressed crossbridge (𝑥), 
see figure 4. The force transmitted along the crossbridge can be described as a function of attached 
crossbridges. The contractile element is assumed to consist of infinitely long thick and thin filaments 
with an infinite number of crossbridges that are either bound or unbound to the actin filament.  The thin 
and thick filament slide past each other at a relative velocity of 𝑣(𝑡). 
We shall then consider a population of bound crossbridges (as shown in figure 2) each with a 
displacement 𝑥. In order to derive the law of conservation we narrow down to a set pool  ∆𝑥 . At any 
time 𝑡 there exists a population of crossbridges within the region with a displacement 𝑥.  
        
 
 
 
 
 
 
Figure2. Schematic describing the population distribution of bound crossbridges at different 𝑥 
displacements 
To simplify the reaction we assume that a crossbridge is either in bound state, 𝑛 (consisting of 
unphosphorylated myosin attached to the actin binding site (A) as 𝐴𝑀 and phosphorylated myosin 
attached to actin  as 𝐴𝑀) or unbound 1 − 𝑛 =([𝑀]  + [𝑀𝑃] ).The binding and unbinding of the 
crossbridges is defined in the following simple reaction scheme     
 
         1 − 𝑛              𝑛 
 
 
1 − 𝑛 = [𝑀𝑝] + [𝑀], 
𝑛 = [𝐴𝑀𝑝] + [𝐴𝑀], 
𝑓(𝑥) 
𝑔(𝑥) 
𝑥 ∆𝑥 
𝑛 
 
𝑣(𝑡), rate at which bound crossbridges are convected 
in and out of the population in ∆𝑥 
12 
 
where the rate constants g and f are a function of the displacement x. f(x) describes the rate of attachment 
of myosin heads from the actin site. g(x) describes the rate of detachment. The attachment and 
detachment depends on x as shown in the figure below. 
 
Figure 3.Schematic of the rate of crossbridge attachment and detachment in the Huxley model, 
During positive displacement in x, g and f are a function of x. f(x) is non zero only for displacements 
within 0<x<h. Where h is the powerstroke length, the distance in x that a crossbridge can remain 
attached to the actin binding site. 
The conservation law for the fraction of crossbridges are defined as follows. In any given population 
we designate a number of crossbridges either bound or unbound as 𝜌, which is constant and independent 
of 𝑥. Therefore, for each displacement 𝑥, the number of crossbridges with that displacement is 
conserved. The fraction of bound crossbridges is given as 
 
𝜌∫ 𝑛(𝑥, 𝑡)𝑑𝑥
𝑥+∆𝑥
𝑥
 
(1) 
The rate change of bound crossbridges is given by the net flux of crossbridges across ∆𝑥 boundaries is 
𝜌[𝑣(𝑡)𝑛(𝑥 + ∆𝑥, 𝑡) − 𝑣(𝑡)𝑛(𝑥, 𝑡)] 
(2) 
The rate of attachment of unbound crossbridges is given as  
𝜌∫ 𝑓(𝑥)(1 − 𝑛(𝑥, 𝑡))𝑑𝑥
𝑥+∆𝑥
𝑥
 
 (3) 
While the rate of detachment of bound crossbridges is given by 
𝜌∫ −𝑔(𝑥)𝑛(𝑥, 𝑡)
𝑥+∆𝑥
𝑥
𝑑𝑥 
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(4) 
 Therefore, the rate of change of bound crossbridges is equal to the net flux of cross bridges 
across the boundaries of ∆𝑥 and the reaction rate of crossbridges detachment and attachment. 
 
𝜌∫
𝜕
𝜕𝑡
𝑛(𝑥, 𝑡)𝑑𝑥 = 𝜌[𝑣(𝑡)𝑛(𝑥 + ∆𝑥, 𝑡) − 𝑣(𝑡)𝑛(𝑥, 𝑡)]
𝑥+∆𝑥
𝑥
+∫ 𝜌𝑓(𝑥)(1 − 𝑛(𝑥, 𝑡))𝑑𝑥
𝑥+∆𝑥
𝑥
+ 𝜌∫ −𝑔(𝑥)𝑛(𝑥, 𝑡)
𝑥+∆𝑥
𝑥
𝑑𝑥 
 (5) 
For consistency we define 𝑣 > 0 as muscle shortening. Using the mean value theorem we take the limit 
as ∆𝑥 → 0  
 
𝜌 lim
∆𝑥→0
𝑣(𝑡) 𝑛(𝑥 + ∆𝑥, 𝑡) − 𝑣(𝑡)𝑛(𝑥, 𝑡)
∆𝑥
= 𝜌𝑣(𝑡)  
𝜕
𝜕𝑥
 𝑛(𝑥, 𝑡) 
(5.1) 
   
𝜌∫
𝜕
𝜕𝑡
𝑛(𝑥, 𝑡)𝑑𝑥 = 𝜌[𝑣(𝑡) ∫
𝜕
𝜕𝑥
 𝑛(𝑥, 𝑡
𝑥+∆𝑥
𝑥
)]
𝑥+∆𝑥
𝑥
+ 𝜌∫ 𝑓(𝑥)(1 − 𝑛(𝑥, 𝑡))𝑑𝑥
𝑥+∆𝑥
𝑥
+ 𝜌∫ −𝑔(𝑥)𝑛(𝑥, 𝑡)
𝑥+∆𝑥
𝑥
𝑑𝑥 
(5.2) 
We can drop the integrals to yield the partial differential equation below known as the convective-
advection equation of crossbridge cycling. 
𝜕  
𝜕𝑡
𝑛(𝑥, 𝑡) − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑛(𝑥, 𝑡) = 𝑓(𝑥)(1 − 𝑛(𝑥, 𝑡)) − 𝑛(𝑥, 𝑡)𝑔(𝑥) 
(5.3) 
. The bound number of crossbridges 𝑛(𝑥, 𝑡), is also therefore, the fraction of bound crossbridges 
in 𝜌. The conservation law allows us to assume that the density of crossbridges is continuous in any 
given region allowing us to describe the attachment and detachment of crossbridges as a continuous 
function because it describes a population of crossbridges.  
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For isometric force generation, force generation with no muscle length change such that 𝑣(𝑡) =
0, the force is given by equation 5.42. Note that there is no change in muscle length, therefore, the 
convection equation simplifies to an ordinary differential equation given as 
𝜕𝑛(𝑥, 𝑡)
𝜕𝑡
= (1 − 𝑛)𝑓(𝑥) − 𝑛𝑔(𝑥) 
(5.40) 
Therefore, the fraction of bound crossbridges is calculated as 
𝑛(𝑥, 𝑡) =
𝑓(𝑥)
𝑓(𝑥) + 𝑔(𝑥)
 
(5.41) 
The attached crossbridge act like a linear spring, then following Hooke’s law we can calculate the force 
generated by the contractile unit. 
 
𝐹𝑖𝑠𝑜 = 𝜌∫ 𝑥𝐾
𝑓(𝑥)
𝑓(𝑥) + 𝑔(𝑥)
∞
−∞
𝑑𝑥 = 𝜌𝐾∫ 𝑥𝑛(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(5.42) 
where K is the spring stiffness constant.  
 
 
 
Evolution of crossbridges 
The convection equation of crossbridge cycling does not describe a single crossbridge but a 
population of crossbridges, each with a unique displacement x from its unstressed position. The general 
convective derivative 𝜕/𝜕𝑡 − 𝑣(𝑡)  𝜕/𝜕𝑥, expresses the time rate of change in population of a given 
system. The first term describes the rate of change with time, and the second term describes the rate of 
change associated with motion of the myosin filament. Due to the presence of spatial gradients there is 
a difference in crossbridge population entering and leaving the differential element dx.  At any given 
time there exists a probability of positions in x as shown in figure 4. The rate at which the pool exits 
the region is driven by 𝑣(𝑡), the relative velocity between filaments.  
15 
 
 
 
 
 
 
 
Figure.4. Schematic of crossbridges in smooth muscles, each crossbridges has a unique x, creating a 
spatial gradient of crossbridges at any given time 
  
To find the force-velocity relationship of muscle contraction, we assume that muscle moves 
with a constant velocity and that the bound crossbridges have reached equilibrium and there is no rate 
change in time of bound crossbridges, therefore 𝜕/𝜕𝑡 = 0 (equation 5.3). In order to find the steady 
state distribution of bound crossbridges we solve the first order differential equation given by 
−𝑣
𝑑𝑛
𝑑𝑥
= (1 − 𝑛)𝑓(𝑥) − 𝑛𝑔(𝑥)   
(5.5) 
For 0 < 𝑥 < ℎ, 
𝑛(𝑥) =
𝑓(𝑥)
𝑓(𝑥) + 𝑔(𝑥)
{1 − exp (
𝑥2
ℎ
− 1)
∅
𝑣
} 
(5.51) 
Where, 
∅ = (𝑓(𝑥) + 𝑔(𝑥))ℎ/2 
(5.52) 
The steady state solution given by 𝑛(𝑥) changes at a rate inversely proportional to the velocity 
constant v, this implies that force is largest at small velocities. While at large velocities the distribution 
of bound crossbridges is small. The force decreases because at high velocities the amount of time 
crossbridges are within the actin binding site is small and therefore they are less likely to bind. While 
𝑥 
Unstressed position x=0 Thin filament 
Thick filament 
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there is a greater number of crossbridges being convected out of the power stroke region before 
detachment creating a force opposing shortening. 
Huxley’s model provides a simple understanding of the kinetics involved in the crossbridge 
cycle. However, our adaptation of the Huxley model incorporates only one type of muscle contraction. 
Previous experimental research suggests that tonic contraction is regulated by smooth muscle 
components while phasic contraction is regulated by striated muscle components (Muthuchamy 2011). 
This would imply the cross bridge dynamics are more complicated than in the model presented above. 
In order to formulate a suitable model, we look at the crossbridge cycle model of smooth muscles as 
proposed by Hai-Murphy et al 1988b and then incorporate it into our current model.  In the following 
discussion, I discuss the dynamics of Smooth muscle contractility and the similarities between LM and 
SM. 
 B.  Hai-Murphy model of smooth muscle crossbridge cycle with Latch state  
Smooth muscle contraction is regulated by levels of Ca2+ (Wingard, Nowocin, & Murphy, 
2001). An increase in intracellular Ca2+ leads to an increase in Ca2+ Calmodulin, which activates myosin 
light chain kinase (MLCK) leading to phosphorylation of the myosin head, which allows for binding to 
actin sites and crossbridge formation (Kamm & Stull, 1985; Sweeney & Stull, 1990). 
Dephosphorylation of the myosin head occurs via the myosin light chain phosphatase (MLCP) and 
prevents the cross-bridge cycle from occurring, however this does not necessarily lead to muscle 
relaxation, while bound, the crossbridge enters the latch-state and completes the cycle. Unlike striated 
muscle, smooth muscle has the ability to maintain stress (a property observed in LM as well). It has 
been shown that phosphorylation of myosin light chain 20 (MLC20) leads primarily to a modulation of 
tonic contraction of mesenteric lymphatics (Wang et al 2009). Tonic regulation of smooth muscle 
contraction is a result of the latch-state, this means that even though the myosin head is 
dephosphorylated, the myosin head may still be bound to the actin. In this state, the muscle does not 
relax and requires very little energy to remain contracted. This allows smooth muscles to sustain a load 
while using little ATP, and maintains organ shape without large energy demands 
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Figure 5. Hai-Murphy’s four state Model: with the latch regulatory scheme for Ca2+dependence.A actin 
(actin filament);myosin crossbridge states are M(detached and unphosphorylated); Mp(detached 
phosphorylated); A+Mp (attached phosphorylated); AM(attached, unphosphorylated, or latch bridge). 
k1and k6 represent MLCK activity while k2 and k5 represent MLCP activity. g(x) represents the latch 
bridge detachment rate 
The Hai-Murphy model assumes that the crossbridge exists in four possible forms: myosin head 
either attached or unattached or phosphorylated or not. The model also assumes that the phosphorylated 
attached crossbridges (AMp) and the latch bridge (AM) has the same load bearing phosphorylation 
properties and contribute equally to steady state stress.  
The rate of attachment of phosphorylated myosin heads to the actin is given by 
𝜌∫ 𝑓(𝑥)𝑛𝑀𝑃(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(6.0) 
While the rate of attachment is given by 
−𝜌∫ 𝑔(𝑥)𝑛𝐴𝑀𝑃(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(6.1) 
Following the same argument of conservation of each myosin species in flux we can describe the 
evolution of states as follows. 
𝜕
𝜕𝑡
𝑛(𝑥, 𝑡) − 𝑣(𝑡) 
𝜕
𝜕𝑥
𝑛(𝑥, 𝑡)  = 𝑻(𝑥, 𝑡)𝑛(𝑥, 𝑡) 
(6.2) 
 + 
 
MLCK 
MLCP 
fp(x) 
k1 (t) 
K2 
gP(x) 
K5 
 
MLCK 
MLCP 
K6 (t) 
g(x) 
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Where 𝑛(𝑥, 𝑡) is the number of crossbridges in any given species, there are four possible species; 
𝑛𝑀 , 𝑛𝐴𝑀 , 𝑛𝐴𝑀𝑃 , 𝑛𝑀𝑃 generating four partial differential equations that describe the evolution of each 
specie at a given time and space. T is a 4x4 matrix with rate constants that describes the probability of 
transition between the four pools. The probabilities are important because, with any relative movement 
between actin and myosin filaments, the myosin head may traverse regions that tend to favour 
attachment events while some others tend to favour detachment events. 
 
𝑻(𝑥, 𝑡) =
(
 
−𝑘1(𝑡) 𝑘2 0 𝑔(𝑥)
𝑘1  (−𝑘2 + 𝑓𝑝(𝑥)) 𝑔𝑝(𝑥) 0
0 𝑓𝑝(𝑥) −(𝑘5 + 𝑔𝑝(𝑥)) 𝑘6(𝑡)
0 0 𝑘2 −(𝑘6(𝑡) + 𝑔(𝑥)))
  
 (6.3) 
Where,  
𝑓𝑝(𝑥) = {
0                         𝑥 < 0
𝑓𝑝1                0 < 𝑥 < ℎ
0                   𝑥 > ℎ      
 
𝑔𝑝(𝑥) = {
𝑔𝑝2                   𝑥 < 0
(𝑔𝑝1 + 𝑔𝑝3) ∗ 𝑥/ℎ              0 < 𝑥 < ℎ
(𝑔𝑝1 + 𝑔𝑝2) ∗ 𝑥/ℎ                   𝑥 > ℎ      
 
𝑔(𝑥) = {
𝑔2                     𝑥 < 0
(𝑔1 + 𝑔3) ∗ 𝑥/ℎ             0 < 𝑥 < ℎ
(𝑔1 + 𝑔2) ∗ 𝑥/ℎ                   𝑥 > ℎ      
 
(6.4)  
𝑘1(𝑡)  = 𝑘6(𝑡) and describe rate of crossbridge phosphorylation by MLCK and mimics of Ca2+ 
concentration and is independent of x. 𝑓𝑝(𝑥) is the position dependent attachment rate of Mp and 𝑔𝑝(𝑥) 
is the detachment rate of crossbridges. Like the Huxley model x is the distance between binding sites 
and any phosphorylated myosin head can attach to actin within the range of 0<x<h (h is the power 
stroke length). We assume that the distance between actin sites is greater than h, therefore each 
crossbridge can attach to only one actin binding sight. 
The Hai-Murphy model is useful in describing the crossbridge dynamics during isometric force 
generation, however, it fails to describe how contractile units adapt to changing muscle length. 
Following work done by Mijalovich in 2000, we looked at how each myosin population changes during 
length fluctuations. 
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C. Huxley-Hai-Murphy Model 
It has been hypothesised that collecting lymphatic vessels share functional and biochemical 
characteristics with cardiac muscle. Studies on single lymphangions have shown that lymphatic muscle 
dynamically adapts to different levels of preload and afterloads (Scallan, 2012). At elevated input and 
output pressures the LM adapts with an increase in contractility. Lymphatic vessel’s ability to adapt to 
different pressures is important in maintaining cardiovascular homeostasis namely during interstitial 
oedema, where increases in volume and pressure lead to increased lymph formation in the lymphatic 
capillaries and then to increased filling and pressure in collecting vessels (Davies 2012). Therefore, the 
lymphatic muscle must adapt to the increased preload to maintain sufficient output of lymph flow.  
In order to better understand the dynamics of this adaptation observed in lymphatic vessels. We 
need to look at the characteristic of length fluctuations of lymphatic muscle cells on the crossbridge 
cycle and subsequent stress and phosphorylation output we used a model developed by Mijailovich et 
al. aptly named Huxley-Hai-Murphy model (HHM), which includes the sliding filament theory of 
Huxley, phosphorylation dependency of myosin heads, and the latch state.  
 Following Hai and Murphy’s model, the HHM model describes a four-state myosin species 
comprising of unphosphorylated myosin(M), phosphorylated myosin (Mp), attached phosphorylated 
myosin(AMp) and unphosphorylated myosin attached to actin, also known as the latch state (AM). The 
transition between the states is governed by seven rate constants (T(x,t), (7.1)). Like the Hai-Murphy 
model described above phosphorylation of myosin is dependent on MLCK activation in vivo governed 
and described by rate constants 𝑘1 and 𝑘6 in the model. 
The HHM model makes an allowance for crossbridge extension in conditions where the muscle 
is quickly extended by external forces. In such a case the crossbridge displacement can quickly extend 
past the powerstroke region. Therefore, the conservation law must be resolved to include the crossbridge 
extensions.  
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Mijailovich et al. 2000 
 
Figure 6. Schematic of showing the conservation of the number of cross-bridges: the attachment region 
R is defined as x<0<h, where 𝑓𝑝  is positive and 𝜉 is a local coordinate of the actin site available in R. 
𝑙𝑎 = 𝜆, is the distance between the actin sites. Left-isometric case, Right-after lengthening, and some 
myosin heads are drawn away from R while still attached, while unoccupied actin sites are moved into 
R. Semi-transparent boxes represent actin sites before lengthening while solid boxes represent actin 
sites after lengthening. 
The evolution of myosin species is described in figure 6. The evolution of bound myosin species 
between phosphorylated and unphosphorylated states is dependent on the crossbridge displacement 
earlier defined as x and given as 
𝜕
𝜕𝑡
𝑁𝑎𝑚𝑝 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑎𝑚𝑝 = 𝑓𝑝(𝑥)𝑁𝑚𝑝 + 𝑘5𝑁𝑎𝑚 + (𝑘6(𝑡) + 𝑔𝑝(𝑥)𝑁𝑎𝑚𝑝 
(7.0) 
𝜕
𝜕𝑡
𝑁𝑎𝑚 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑎𝑚 = 𝑘5𝑁𝑎𝑚𝑝 − (𝑘6(𝑡) + 𝐺(𝑥))𝑁𝑎𝑚 
(7.1) 
For unbound crossbridges, the displacement is defined as the distance from the unstressed 
myosin head to the actin binding site. For consistency with other models, the rate of attachment is 
nonzero only within the powerstroke region (0 < 𝑥 < ℎ). We define the distance between binding sites 
as 𝜆, and the distance between binding is assumed to be greater than h. During length fluctuations 
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unattached actin sites may be drawn into the attachment region, R (x<0<h where 𝑓𝑝 is positive), and 
attached myosin heads may be convected out. Following Huxley’s original assumption, bound myosin 
heads out of the attachment region cannot remain bound. Following the work of Piazzeis and Lombardi, 
the bound myosin heads remain attached outside R for a very short period (10𝜇𝑠) the myosin head then 
regains back its unstressed configuration with a displacement of within R. A myosin crossbridge repeats 
along the filament axis with a periodicity of 𝑙𝑚 and can only attach to one actin site within displacement 
region R (because 𝜆 > ℎ). 𝜉 is defined as the local coordinate of the actin site available in R (the relative 
axial position of the actin site to the myosin head, 0 < 𝜉 < ℎ). Following the assumption that myosin 
crossbridges rapidly regain their configuration, the crossbridge can reattach to an actin site within R. 
During lengthening and shortening the position of crossbridges in Rafter detachment and 
regaining a position in R given by𝜉 = 𝑥 − 𝑖𝜆, where 𝑖 is the number of times the attached crossbridge 
is exceeds the given boundary.  
Therefore, rate at which myosin heads detach during v>0 with this new displacement is given 
as 
∫ −𝐺(𝑥 + 𝑖𝜆)𝑁𝑎𝑚(𝑥 + 𝑖𝜆, 𝑡)𝑑𝑥
∞
−∞
 
 (7.2) 
∫ −𝑔𝑝(𝑥 + 𝑖𝜆)𝑁𝑎𝑚𝑝(𝑥 + 𝑖𝜆, 𝑡)𝑑𝑥
∞
−∞
 
 (7.3) 
for unphosphorylated and phosphorylated species respectively. 
Therefore, the unbound crossbridges are governed by the following partial differential 
equations 
𝜕
𝜕𝑡
𝑁𝑚 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑚 = −𝑘1(𝑡)𝑁𝑚 + 𝑘2𝑁𝑚𝑝 + ∑ 𝐺(𝑥 + 𝑖𝜆)𝑁𝑎𝑚(𝑥 + 𝑖𝜆, 𝑡),
∞
𝑖=−∞
 
(7.4) 
𝜕
𝜕𝑡
𝑁𝑚𝑝 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑚𝑝 = 𝑘1(𝑡)𝑁𝑚− (𝑘2 + 𝑓𝑝(𝑥))𝑁𝑚𝑝 + ∑ 𝑔𝑝(𝑥 + 𝑖𝜆)𝑁𝑎𝑚𝑝(𝑥 + 𝑖𝜆, 𝑡)
∞
𝑖=−∞
 
  (7.5) 
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Note, that the flux of unbound sites with 𝑥 = 0 is equal to sites with displacement 𝑥 − 𝑖𝜆. By evaluating 
states for all events 𝜉, gives rise to the conservation law given by  
𝑵𝑀(𝑥, 𝑡) + 𝑵𝑀𝑝(𝑥, 𝑡) +∑ (𝑵𝐴𝑀𝑝(𝑥 + 𝑖𝜆, 𝑡)
𝑖
+𝑵𝐴𝑀(𝑥 + 𝑖𝜆, 𝑡)) = 1 
(7.6) 
The convection equation is then given as 
𝜕
𝜕𝑡
𝑁(𝑥, 𝑡) − 𝑣(𝑡) 
𝜕
𝜕𝑥
𝑁(𝑥, 𝑡) = 𝑻(𝑥, 𝑡)𝑁(𝑥, 𝑡).  
(7.7) 
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CHAPTER II 
Methods 
The computational modelling program was written in MATLAB. The differential equations are solved 
analytically using a downwind scheme and method of characteristics discussed below. 
Specific Aim 1. Molecular Models of the Crossbridge cycle 
Adapting the Huxley model to incorporate regulation of Phosphorylation 
Unlike the myosin and actin filaments in skeletal muscle which are highly ordered. LMCs 
exhibit a structural arrangement similar to that of SMCs in figure 1. The crossbridge binding method 
also exhibits different contraction processes depending on the contraction (tonic or phasic) that is taking 
place as earlier mentioned. The binding of the crossbridge has been shown to rely on the activation of 
the troponin molecule on the actin filament and binding can occur before phosphorylation of the myosin 
head via the MLCK pathway. Yet, studies have also shown that inhibition of MLCK reduces both tonic 
and phasic contraction in mesenteric lymphatic vessels (Muthuchamy 2011) implying a strong 
dependency on the MLCK pathway and phosphorylation of the myosin head. 
Therefore, as a first approach we adapted the Huxley model to include a dependency of 
phosphorylation via activation and deactivation of MLCK and MLCP respectively as observed by 
Muthuchamy et al. The process can be described by the simple schematic below 
 
 
 
 
 
 
Figure 7. (schematic A) an adapted schematic of the Huxley model to include phosphorylation of 
myosin heads before attachment. A actin (actin filament);myosin crossbridge states are M(detached 
and unphosphorylated); Mp(detached and phosphorylated); AMp(attached and phosphorylated); k1 
represent MLCK activity while k2 represents MLCP activity by mimic Ca
2+concentration.  
This creates additional species of crossbridges, [MP]. The rate of crossbridge phosphorylation 
or ATP consumption is defined as 
 + 
 
MLCK 
MLCP 
fp(x) 
k1(t) 
K2 
gp(x) 
A 
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∫ −𝑘1(𝑡)𝑁𝑚(𝑥, 𝑡)
∞
−∞
𝑑𝑥 
(8.0) 
Where 𝑁𝑚 is the population pool of myosin heads that are either unphosphorylated or unbound to the 
actin filament, 𝑁𝑚 has spatial displacement in 𝑥 at time 𝑡. The rate of dephosphorylation is defined as  
∫ 𝑘2𝑁𝑚𝑝(𝑥, 𝑡)
∞
−∞
𝑑𝑥 
(8.1) 
Therefore, using the same argument described earlier the evolution of unbound crossbridges, 𝑁𝑚 and 
𝑁𝑚𝑝 respectively, is given by 
𝜕
𝜕𝑡
𝑁𝑚 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑚 = −𝑘1(𝑡)𝑁𝑚 + 𝑘2𝑁𝑚𝑝  
(8.20) 
 
𝜕
𝜕𝑡
𝑁𝑚𝑝 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑚𝑝 = 𝑘1(𝑡)𝑁𝑚− (𝑘2 + 𝑓𝑝(𝑥))𝑁𝑚𝑝 + 𝑔𝑝(𝑥)𝑁𝑎𝑚𝑝 
(8.21) 
While the evolution of bound crossbridges, 𝑁𝑎𝑚𝑝, is described as 
 
𝜕
𝜕𝑡
𝑁𝑎𝑚𝑝 − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁𝑎𝑚𝑝 = 𝑓𝑝(𝑥)𝑁𝑚𝑝 − 𝑔𝑝(𝑥)𝑁𝑎𝑚𝑝 
(8.22) 
The three equations above can be represented as 
𝜕
𝜕𝑡
𝑁(𝑥, 𝑡) − 𝑣(𝑡)
𝜕
𝜕𝑥
𝑁(𝑥, 𝑡) = 𝑺(𝑥, 𝑡)𝑁(𝑥, 𝑡) 
 (8.23) 
S is a (3x3) matrix of the rate constants described in equation 8.20, 8.21, and 8.22 and 𝑁(𝑥, 𝑡) =
[𝑁𝑚,𝑁𝑚𝑝,𝑁𝑎𝑚𝑝].  
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We assume that 𝑓(𝑥) is nonzero within the region 0 < 𝑥 < ℎ, where h is defined as the power 
stroke region of a crossbridge, the distance a crossbridge can remain attached to the actin filament. To 
simplify the model, we assume that the distance between binding sites is greater than h, therefore, a 
crossbridge can only bind to a single unique binding site. The rate constant 𝑘1(𝑡) describes the 
phosphorylation of the myosin head via MCLK pathway. MCLK activation is dependent on and cellular 
Ca2+ levels, therefore 𝑘1(𝑡) mimics Ca
2+ levels. The rate constants 𝑓𝑝(𝑥) and 𝑔𝑝(𝑥) are attachment and 
detachment rates of the crossbridge respectively. The reaction rates  𝑓𝑝(𝑥) and 𝑔𝑝(𝑥) are dependent 
on x as follows 
𝑓𝑝(𝑥) = {
0                         𝑥 < 0
𝑓𝑝1𝑥
ℎ
               0 < 𝑥 < ℎ
0                   𝑥 > ℎ      
 
(8.31) 
𝑔𝑝(𝑥) =
{
 
 
 
 
𝑔2𝑥
ℎ
                      𝑥 < 0
𝑔1𝑥
ℎ
             0 < 𝑥 < ℎ
(𝑔3 + 𝑔1)𝑥/ℎ                  𝑥 > ℎ      
 
(8.32) 
The rate dependent constants defined as 𝑓𝑝1, 𝑔1, 𝑔2 𝑎𝑛𝑑 𝑔3 are chosen to match Hai’s rate constants. 
(Hai-Murphy 1988b), see table 1. 
In order to find the force generated during isometric generation, we assume no length change 
in muscle during contraction so the contractile unit does not exhibit any rate change in velocity,  the 
evolution of crossbridges within the population is defined as 
𝜕
𝜕𝑡
𝑁(𝑥, 𝑡) = 𝑺𝑁(𝑥, 𝑡) 
(8.4) 
The contractile unit reaches a steady-state distribution of crossbridges and assuming that 
attached crossbridges act like linear elastic springs therefore the contractile unit exerts a total force of  
𝐹 = 𝐾∫ 𝑥 ∙ 𝑁𝑎𝑚𝑝(𝑥, 𝑡)
∞
−∞
𝑑𝑥 
(8.5) 
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K is the crossbridge elasticity constant. An analysis of the isometric stress gives insight into the 
relationship between the steady-state state (where maximum continuous force is generated) achieved 
during equilibrium and the state of myosin phosphorylation. 
Force production during the crossbridge cycle was analysed using the schematic in figure 7, 
during isometric force generation for a time period of 180 seconds. During isometric force generation, 
we consider no change in muscle cell length and therefore velocity of the sliding filaments is assumed 
to be zero. This reduces equation (8.3) to an ordinary differential equation; the evolution of crossbridges 
is thus given as 
𝑑𝑛(𝑥, 𝑡)
𝑑𝑡
= (1 − 𝑛)𝑓(𝑥) − 𝑔(𝑥)𝑛 
(9.0) 
The force generation at steady state is given by the total number of crossbridges that are bound 
to the actin filament. 
𝐹 = 𝜌𝐾∫ 𝑛(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(9.1) 
where K is the spring constant coefficient of the crossbridges.  
The functions 𝑓(𝑥) and 𝑔(𝑥) are piecewise functions dependent on 𝑥. When negative 
displacement occurs detachment of crossbridges is favoured and g(x) is considered to detach 
crossbridges at a constant rate of 0.5/s. During positive displacement, the rate of 𝑓(𝑥) is significantly 
higher than g(x) and linearly increases as the displacement is within the power stroke region. For 𝑥 >
ℎ, 𝑓(𝑥) = 0 and 𝑔(𝑥)  is linearly increasing as a function of x (0.4x/s).  See Chapter I, figure 2. 
 
Initial conditions and numerical conditions 
All myosin heads are unphosphorylated and detached (M=1,Mp=0, AMp=0), rate of 
phosphorylation is given by 𝑘1(𝑡), is  a function of t. at 𝑡 = 0, 𝑘1 = 𝑘6within the first 5secs of the 
simulation, the rate of phosphorylation is 0.5s-1. To mimic a drop in calcium concentration level 
𝑘1 𝑎𝑛𝑑 𝑘6 rates are dropped to 0.35s
-1 for the rest of the simulation. 𝑘2 is the rate of dephosphorylation 
and is considered to be 0.3s-1 for the entire simulation. All rate constants used match those of Mijalovich 
2000 (see table 1) 
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The differential equation was solved with a maximum step size of 1, as a non-stiff differential 
equation using MATLAB inbuilt function (ODE45). 
B. Smooth muscle crossbridge cycle including Latch state (Hai-Murphy Model) 
Following Hai-Murphy’s modelling of smooth muscles, we describe four myosin states, 
unbound unphosphorylated and phosphorylated (M, Mp) as well as bound phosphorylated and 
unphosphorylated (AMp, AM). The rate constants for 𝑓(𝑥) and 𝑔(𝑥) remain the same as those 
described by Huxley, the added component to drive the disassociation of unphosphorylated myosin 
from the actin site (𝐴𝑀 → 𝑀𝑝 ) is relatively slow and a function of 𝑥. 
The crossbridge cycle during isometric force generation was computed. Where the velocity is 
zero due to the constant cell length the evolution of cross bridges is given by equation (8.4) and force 
at steady state is given by (8.5). 
Initial and numerical conditions   
Initially all myosin heads are unphosphorylated and unbound therefore all the pool of species 
(M,Mp,AMp,AM) is given as 𝑛(𝑥, 𝑡) = [1,0,0,0]. The rate of phosphorylation of unbounded myosin 
heads (𝑀 → 𝑀𝑝) is given by 
𝜌𝑘1(𝑡)∫ 𝑛𝑀(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
 (10.0) 
The rate of dephosphorylation of unbound myosin heads (𝑀𝑝 → 𝑀) is 
      
−𝜌𝑘2∫ 𝑛𝑀𝑃(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(10.1) 
The rate of attachment for phosphorylated myosin heads to actin (𝑀𝑝 → 𝐴𝑀𝑝)  is given by 
equation (6.0), while the rate of detachment (𝐴𝑀𝑝 → 𝑀𝑝) is given by (6.1). The rate of phosphorylation 
of myosin heads is given as 𝐴𝑀 → 𝐴𝑀𝑝 
𝜌𝑘6(𝑡)∫ 𝑛𝐴𝑀(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(10.2) 
The rate of dephosphorylation of bound myosin heads is given as (𝐴𝑀𝑝 → 𝐴𝑀) 
28 
 
   
−𝑘5(𝑡)∫ 𝑛𝐴𝑀𝑃(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(10.3) 
 And the final rate of dissociation of unphosphorylated crossbridge is given by 
  
𝜌∫ 𝐺(𝑥)𝑛𝐴𝑀(𝑥, 𝑡)𝑑𝑥
∞
−∞
 
(10.4) 
The position-dependent rate constants (fp1, gp and,G) were chosen to match those used by 
Mijalovich . et.al. (see table 1) initially 𝑘1 = 𝑘6 = 0.  
To investigate the effect of phosphorylation on force generation during isometric force, k1, and 
k6 values were varied by mimicking a drop in Ca2+ concentration in the first simulation 𝑘1 = 𝑘6 =
0.35𝑠−1, 𝑡 < 5𝑠 𝑎𝑛𝑑 0.06𝑠−1, 𝑡 > 5𝑠. In the second simulation,  𝑘1 = 𝑘6 = 0.35𝑠
−1, 𝑡 <
5𝑠 𝑎𝑛𝑑 0.06𝑠−1, 𝑡 > 5𝑠 
C. Huxley-Hai-Murphy Model  
Using the schematic in figure 5, we initialized four myosin states (M, Mp, AMp,AM) and 
included length variations during force generation. We considered isometric force generation with a 
constant optimal length for contraction Lo, imposed length fluctuations during isotonic force generation 
are taken as  𝐿 = 𝐿𝑜 + ∆𝐿𝑠𝑖𝑛(2𝑝𝑖𝑓𝑡), where ∆𝐿 is the  stretch amplitude and f is the frequency. Muscle 
activation is taken into account through the phosphorylation constants, by  𝑘1 = 𝑘6  to mimic Ca
2+ 
concentration. 
The vector n(x,t) of equation (7.2) is solved using the method of characteristics. 
The characteristic curves are given by 
𝑑𝑡
𝑑𝜀
= 1  ,         
𝑑𝑥
𝑑𝜀
= −𝑣(𝑡) 
 (11.0) 
Therefore, equation 1 is simplified into an ordinary differential equation given as 
     
𝑑
𝑑𝜀
𝑛(𝜀) = 𝑻(𝜀)𝑛(𝜀),  
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(11.1) 
The integration is then solved using a backwind method using MATLAB inbuilt function (ODE45) for 
solving non-stiff solutions. Specifically, the integration is carried out with 180 time steps per cycle. 
Initial conditions  
All crossbridges are initially unbound and unattached i.e. Nm(x,0)=1, Nmp(x,0)=0, Namp(x,0)-0, 
Nam(x,0)=0.Intiially  𝑘1 = 𝑘6 = 0 corresponding to a value below the threshold of MCLK activation  
The rate constants are the same used in Hai-Murphy cross-bridge cycle with latch-state described 
earlier. 
 
Table 1: Values used during simulations 
 k1(t)=k6(t) fp(x)  (s
-1) gp(x) (s
-1) G(x) (s-1) k2=k5 (s
-
1) 
Huxley Model 
with 
phosphorylation 
regulation 
0.5s-1, t<5s 
0.3s-1, t>5s 
0, x<0 
0.1x, 0<x<h 
0, x>h 
0.5, x<0 
0.5x.  x>0 
 0.5 
Hai-Murphy 
Model  
 
0.35s-1, t<5s 
0.06s-1, t>5s 
0 ,         x<0 
0.88,  0<x<h 
0 , x>h      
4.40 ,   x<0 
0.22x,  0<x<h 
0.88x , x>h      
0.2,         x<0 
0.04x,  
0<x<h 
0.03x , x>h      
0.1 
HHM 0.35s-1, t<5s 
0.06s-1, t>5s 
0 ,         x<0 
0.88,  0<x<h 
0 , x>h      
4.40 ,   x<0 
0.22x,  0<x<h 
0.88x , x>h      
0.2,         x<0 
0.04x,  
0<x<h 
0.03x , x>h      
0.1 
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Specific aim 2. Develop Cellular Models of Lymphatic Muscle contraction 
 
Figure 8 Schematic of interation in lymphatic muscle from the tissuee level to the molecular level, 
interactions can be dependent on changes in ion levels such as on Ca2+  flactuation, or changes in 
transmural pressure or even  changes in radius. The models at each level help to elucidate how different 
pathologiees affect different states of work and the interactions  between systems. 
Future Work 
Modelling at the cellular scale 
As earlier described LM are capable of greater contractile tension over a wider range of vessel 
diameters, this may be due to the hybrid smooth muscle/striated structure creating a relatively rapid 
adaptation of the length at which maximum contraction occurs, or some combination thereof. 
We propose a 1D cellular scale model of contractile units (figure 9) that allow for rearrangement 
during contraction, depending on stress and velocity changes within the vessel. This model follows 
similar models created for airway smooth muscles. The sarcomeres anchor via focal adhesions to the 
cell cytoskeleton directly or in series with the cell nucleus and cytoskeleton (Kuo & Seow, 2004).We 
assume the existence of two contractile types, YA attached in series to the nucleus of the cell and type 
YB attached in series to the cytoskeleton, each series of contractile elements creates a transmission 
pathway (PA and PB). These contractile units are free to assemble and disassemble to other pathways, or 
remain in suspension within the cell. Assembly and disassembly may be in response to pressure, stretch 
or even chemical events such as an increase in Ca2+ or Na+ levels. 
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Brook and Jensen, 2013 
Figure 9.1D model of a cell Model of a single cell, consisting of contractile units or sarcomeres 
of length YA and YB  each generating a force FA and FB respectively. YA is connected to a relatively stiff 
nucleus (stiffness EA) , The elasticity of the cytoskeleton itself is depicted as another spring in parallel 
with stiffness EC. The effect of the extensional viscosity of the whole cell, is represented as a dashpot in 
parallel, with extensional viscosity μD. 
The total force T exerted by a single cell is calculated as a summation of the stress exerted by 
each contractile unit in a transmission pathway. 
𝑇 = 𝐹𝐴𝑃𝐴 + 𝐹𝐵𝑃𝐵 + 𝐸𝑐(𝐿 − 𝐿0) + 𝜇𝐷?̇? 
(12.0) 
Where  
𝐹𝐴 = 𝐸𝐴(𝑍
∗ − 𝑍0
∗), 
Where Ec is the cell cytoskeletal stiffness constant while 𝜇𝐷 is the cell viscosity. L0 and Z
* are 
the unstressed cell and nucleus length respectively. The stiffness of the cytoskeleton, Ec, represented by 
the spring in Fig. 9, can vary by several orders of magnitude and is thought to depend on the strain 
amplitude and rate (Chen et al., 2010; Krishnan et al., 2009). Reported values of cytoskeletal stiffness 
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are related to the cell stiffness measured immediately after the cell has been stretched and then returned 
to its original state (Chen et al. 2010).  
Specific Aim3. Coupling the molecular and cellular models to the tissue level 
model  
The creation of a mutliscale model will provide scientific insight as to how behavioural 
changes at the tissue levels influence behaviour at the molecular level. Thus, the goal would be to 
understand how integration of system components at one level of scale influences higher systemic 
levels.  
There are essentially three states of models that need to be constructed, herein we have 
reviewed a contractile unit model (molecular scale), which will then be coupled to a cellular model 
and eventually the tissue level of a lymphangion. 
Although there has been an increase in our knowledge about the molecular mechanisms of 
contraction in the lymphatic cells there is still insufficient information to predict how the lymphatic 
muscle contraction interacts and is regulated by these molecular mechanisms. Our model will help 
clarify these relationships by connecting the changes in transmural pressure to molecular scale 
adaptation. In vivo the lymphatic vessel wall consists of 3-4 layers of muscle cells arranged 
circumferentially and embedded in a dense collagen matrix. For simplicity we initially assume that 
LMC are organized around the lymphatic vessel lumen overlapping a single layer of lymphatic 
endothelial cells, with radius R(t) and exert a tangential force during contraction. Using the law of 
Laplace we are able to balance the forces exerted by the cells during contraction with applied 
pressure. 
 
 
 
 
 
Lv 
h 
𝜎𝜃𝜃 𝜎𝜃𝜃 
Pin 
R(t) 
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Figure 10.  simple illustration of  single lymphangion with an internal pressure pin and 
thickness of h, the radial lumen R(t)>>h and therefor the law of Laplace for thin walls is assumed.  
 
We define the thickness of the lymphatic endothelial cell layer and LMC as h, internal pressure 
is defined as Pin and external pressure as Po. The transmural pressure is defined by balancing the wall 
tension. Assuming thin walled cylinder mechanics, the hoop stress is 𝜎𝜃𝜃 , and is the mean normal stress 
and considered nearly constant across h. assuming a longitudinal cut of the cylindrical vessel we can 
define a single vessel length of 𝐿𝑣. Therefore, the hoop stress on the total surface area is 𝜎𝜃𝜃2𝐿𝑣ℎ, and 
the internal pressure exerts a total pressure of 𝑃𝑖𝑛2𝑅(𝑡)𝐿𝑣. Assuming external pressure is 0, the force 
balance is given as 
∑𝐹 = 𝑃𝑖𝑛2𝑅(𝑡)𝐿𝑣 − 𝜎𝜃𝜃2𝐿𝑣ℎ = 0, 
      
𝜎𝜃𝜃 =
𝑃𝑖𝑛𝑅(𝑡)
ℎ
 
(12.1) 
Using the circumferential stress in equation 12.1 we are able to calculate the velocity throughout 
the crossbridge cycle 
If there are Nc LMCs arranged serially around a lymphatic vessel with radius R, and each exerts 
a tangential force T this creates a total tangential force of 𝜋𝑅2𝐿𝑣/𝑁𝑐𝑇, the average cell contraction 
velocity can be derived by the rate change of cell length, earlier defined as L. Recall during self-imposed 
simulation the length is given by 𝐿 = 𝐿0 + ∆𝐿𝑠𝑖𝑛(2𝜋𝑓𝑡). Therefore, the velocity of a cells contraction 
is given by 𝑉𝑐 = 𝑑𝐿 𝑑𝑡⁄ . 
Thus, the solution is given as follows, for a specific Ca2+ level and set of rate constants, we 
generate the solution by solving the convection-advection equation of crossbridge cycling to generate 
a single tangential force for a single cell find the mean force exerted by Nc Number of cells, from that 
we can define the new radius of the vessel as 
  
𝜋𝑅2𝐿𝑣
𝑁𝑐𝑇
= 𝑃𝑖𝑛𝑅(𝑡)/ℎ 
𝑅(𝑡) =
𝑃𝑖𝑛𝑁𝑐𝑇𝐿𝑣
ℎ𝜋
                                                          (12.2) 
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CHAPTER III 
Preliminary Results 
Modelling the crossbridge cycling with phosphorylation regulation (adapted 
Huxley) 
The assumption underlying the adapted Huxley model (Chapter 2), is that  𝑘1 = 𝑘6 indicating 
that crossbridge phosphorylation has no effect on the basic kinetic and mechanical properties of a 
crossbridge. This allows us to investigate the effect of phosphorylation during isometric force 
development. We studied the transformation between Mp and AMp by examining the changes in 
steady-state AMp which is the models’ prediction of force generated, with increasing levels of MLCK 
activation. An increase in MLCK activation was simulated by increasing levels of 𝑘1𝑎𝑛𝑑 𝑘6from 0.055 
to 0.6s-1 with no change in other rate constants. Predicted stress also rose with increase in 
𝑘1𝑎𝑛𝑑 𝑘6levels. The model responded by slowly reducing the number of unphosphorylated myosin 
heads as fraction of phosphorylated heads rapidly rose in the first 5 seconds. As the myosin heads are 
phosphorylated, they are available to bind to the actin filament creating a slow steady rise in the AMp 
population. Although the rate of phosphorylation is increased after 5 seconds, the model eventually 
reaches a steady state. The force generated is proportional to the bound crossbridge population. 
According to Ratz and Murphy, Ca2+ release is primarily responsible for the transient myosin 
phosphorylation and initial high levels of phosphorylation only accelerate stress development. The 
 
Figure 11, Tthe adapted Huxley model with constants as defined by Zahalak 1986,where  
the crossbridge cycle is driven by MLCK activation. (A) This creates a slow rise in active 
force (is active force is equal to AMp levels) reaching a steady state as crossbridges are 
only able to detach from phosphorylated myosin heads. In theory this means that the 
demand for ATP within the cell is unfavourably high. (B) illustrates the effect of increasing 
the rate of MCLK activation. In A, the rate is healed constant at 0.55 then increased to 0.6 
after 5 secs  
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models ability to predict an observed increase of initial phosphorylation was examined by increasing, 
k1 and k6 to 0.55/s for 5s then decreasing k1 and k6 to 0.3s-1 t>5s.   
 
Modelling the crossbridge cycle with latch state (Hai-Murphy model) 
Assuming that the phosphorylated attached crossbridges (AMp) and the latch bridge (AM) have the 
same load bearing phosphorylation properties and contribute equally to steady state stress under 
isometric conditions, the muscle cell length remains unchanged. As shown in figure11 , force is 
maintained even with reduced cross-bridge cycling rates. This is unlike Huxley’s model which does not 
account for the latch state and is not driven by MCLK activation. We also simulated monotonic 
increases in stress development by increasing levels of MLCK activation. MLCK activation is varied 
by exposing the changing k1 and k6 to 0.30 for 5sec followed by a decrease to 0.2 for the remainder of 
the simulation (see figure 13). To test the model’s ability to quantitatively describe the observation that 
initial phosphorylation is transiently increased to increase the rate of stress development, we also ran 
the simulation with k1 and k6 with an initial of 0.55 for 5s followed by a decrease in MLCK to 0.3. The 
force development increases linearly until it reaches a steady state of 78.6% the equilibrium level of 
phosphorylation, however it also peaks at a greater level with a larger initial transient peak figure (13) 
 
Figure 12. Fraction of cross-bridges as modelled using Hai-Murphy’s four-state model in 
isometric steady state.  
Figure 12 shows the evolution of the total fraction of crossbridges during isometric force 
development using transition constants defined earlier. Before MLCK activation, all myosin heads are 
unphosphorylated M, the pool then rapidly becomes depleted, as unbound myosin head become 
phosphorylated they attach to the actin filament, during this period, the spatial distribution of 𝑛𝐴𝑀𝑝 is 
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roughly approximate to x (Mijailovich et al., 2000). Figure 12 was derived from model parameters used 
by Hai-Murphy for k1=k6=0.35s-1 for t=0 to 5s followed by 0.085s-1 for t>5s.  
 
 
 
Figure 13   (bottom) is a fitting of myosin phosphorylation as modelled and published by Hai-
Murphy (Hai,1988), compared to simulations run using Hai-Murphy’s parameters (top) validating the 
model written in MATLAB. MCLK activation rate constants k1 and k6  are ( left),0.,55 for  t=0 to 5s 
followed by 0.3s-1for t>5s and (right)t, 0.35s-1 for t=0 to 5s  followed by 0.085.s-1for t>5s.  
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Huxley-Hai-Murphy  
Like the HHM at isometric steady state the AM pool is the last to be populated, as it grows only 
as the AMp is developing. Fig (14) shows the rapid increase in phosphorylation during the early MLCK 
activation (the first 5 seconds), followed by a rapid increase in force generation, which responds to an 
increase in AM and AMp populations. Force generation continue to increase at a slower rate after 
MLCK activation is decreased (t>5s). As crossbridge populations reach equilibrium, the final 
populations within the AM and AMp is dependent on the level of phosphorylation. For greater 
dephosphorylation rates, the population of AM bonds eventually over takes that of AMp. Low fractional 
phosphorylation corresponds to the latch state described by Hai and Murphy. within this bond, stress is 
maintained with relatively low ATP consumption. 
Disassociation of the AM bond is relatively slow, and dependent on crossbridge displacement. 
The net flux of molecules out of the AM pool, is favoured with greater values of x, therefore distribution 
of species in the AM pool is spatially nonuniform in order to maintain mass conservation. 
As shown in fig 14, imposing sinusoidal changes in muscle length at t>60s and with a stretch 
amplitude of ∆𝐿=1%. This upsets the equilibrium state distribution of population, causing the new 
system to adapt to a new equilibrium of myosin binding. This is characterised by fewer attached 
crossbridges as crossbridges are convected out of the power stroke region (0<x<h) at a faster rate, 
resulting in lower generation, and higher consumption of ATP even though the rate of phosphorylation 
(MLCK activation) remains unchanged.  
When exposed to small tidal changes spatial bond distribution remains the same as in isometric 
condition. This is because the crossbridges rarely leaves the 0 < 𝑥 < ℎ, as 𝑓/𝑓 + 𝑔 (equation 5.5) 
remains constant and the effect of detachment is very small. As we impose greater tidal stretches, all 
crossbridges sample are convected into regions x<0 and x>h, where no detachment occurs, therefore 
rates of detachment tend to drive the crossbridge cycle (𝐴𝑀𝑝 → 𝑀𝑝), this in turn affects the AMp and 
AM population, with a general decrease in levels. This is consistent with reduction in force distribution 
during lengthening with large stretch amplitudes. 
 During isometric force generation t<60 the AM population is very small compared to AMp 
populations although there is a marked increase in AMp population. As Ca2+ level reduce mimicking a 
steady level of MLCK activation (after 5 seconds), myosin population reaches a steady state, allowing 
for more species in the dephosphorylation at species in the AMp pool.  
The bond length distributions of AMp and AM in steady state and 𝜀 = 0, correspond to a static 
equilibrium of myosin binding. The non-uniform distribution of species in the latch state during 
isometric steady state is due to the fact that transition rates from AMp to AM are not dependent on the 
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position of x but rather time dependent, and the net flux of molecules convecting out is from the 
detachment of myosin heads, therefore favouring cross-bridge detachment compared to attachment. 
There is a rapid increase of force as the AM and AMp populations rapidly increase, despite a 
decrease in MLCK activation and phosphorylation, this is consistent with the characteristic of smooth 
muscle to maintain stress even after reduced dephosphorylation i.e. latch-state as described by Hai-
Murphy 
 
Figure 14. Top, simulation results showing the evolution of crossbridges using parameters 
described by Mijailovich et.al. 2000 compared to their published data bottom. At. t=60, L is constant 
and is the steady state distribution of crossbridges during isometric force generation. Once 
crossbridges reach equilibrium of distribution, the simulation is exposed to fluctuating length changes 
with a small stretch amplitude of 1%. resulting in a redistributing myosin crossbridges. 
 
 
39 
 
.  
 
Figure 15: Simulation results showing Force production during isometric force generation (t<60) 
and after initiation of length fluctuations with 0.1% stretch amplitude using parametersused by 
Mijailovich et. al. 2000 
Discussion 
The models presented here might provide a basic framework for describing the crossbridge 
cycle to the mechanics seen in LMC. Our adaptations have further improved these models by 
incorporating phosphorylation. It has been shown that LMC have a dependency on MCL20 
phosphorylation, however the dependence is observed to be greater in mesenteric lymphatic vessels 
than those located in the thoracic duct (Muthuchamy,. 2003). Furthermore, inhibition of MLCK affects 
both tonic and phasic contraction, therefore, the simple Huxley model presented fails to include a 
dependency on calcium levels, addition of k1 and k2 constants allow us to mimic myosin 
phosphorylation that is dependant of MLCK and would be adequate to characterise tonic contraction.  
Crossbridge cycle with phosphorylation regulation allows us to investigate cellular Ca2+  levels. 
Action potentials initiated by the pacemaker activity result in an increase of Ca2+ concentration. The 
key function of increased calcium is the activation, via calmodulin, of MLCK activation and 
subsequently the phosphorylation of crossbridge. The effect of changes in calcium levels is yet to be 
investigated and what intrinsic pattern develops the optimal force generation. Changes in Ca2+ levels 
can occur through sustained oscillation. In this respect, the adapted Huxley model is able to satisfy 
experimental observations on MLC dependency, however it fails to account for tonic contraction that 
allows for a sustained stress without significant energy consumption as seen in LM.  
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Implementation of the latch-state into the crossbridge cycle allows for continued force 
generation even after dephosphorylating the myosin head. It has been observed that phosphorylation of 
MLC20 modulates tonic contraction. Therefore, addition of the Latch-state to the modelling parameters 
might be a vital condition during simulations of tonic contraction. Unfortunately, the Hai-Murphy 
model on its own is unable to characterise the force-velocity relationship during rapid phasic 
contraction, in this respect the HHM model satisfies the necessary conditions to characterise LM 
contraction. 
Although phosphorylation of MLC20 modulates tonic contraction observed in lymphatic 
vessels, it is not significantly affected by phasic contraction. This implies that during muscle 
lengthening and contraction, the crossbridges are more likely to oscillate between AMp and Mp species 
of contraction. That is, in the schematic presented in figure 5 there is a shift in the cycle, and less 
formation of species in the latch-state. This would be consistent with phasic contraction that is observed 
in mesenteric lymphatic vessels. Mesenteric lymphatics are observed to have more phasic contraction 
than tonic, they are also greatly affected by changes in transmural pressures.  
Thus far we have been able to validate computational work running our simulation using known 
parameters and compared our modelling results to previously published data. We have seen that in order 
to create a model that would be able to characterize the kinetics of muscle contraction, it is necessary 
to incorporate phosphorylation dependence, tonic regulation and phasic regulation properties. I propose 
the use of a combined Huxley-Hai-Murphy model as the basis of crossbridge modelling in lymphatic 
muscle. Since, the primary results reveal an adaptation to tonic and phasic contraction following HHM, 
we are now ready to create additional contractile unites to model lymphatic muscle cell contraction. We 
can then identify how the total force generated by the cellular layer affects transmural pressure and 
lymph pumping enabling us to reach our ultimate goal of a multi-state model. 
The aim of this study is to characterise the dynamic and adaptable nature of the contraction of 
the lymphatic vessel. It is clear that in order to achieve this it is necessary to look at the individual levels 
of interactions theorize possible mechanisms and to validate observations. Like all modelling work, 
models need to be adaptable to new experimental observations and vice versa. It is a tool that would 
allow us to theorize and revalidate our knowledge of how the lymphatic system works. 
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PART II: The Lymph Node 
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Abstract 
The Lymph node is a vital part of the lymphatic system. They are highly complex structures 
that are not easily visualised, owing to large number of different cells within them.  Lymph nodes 
present a relatively high resistance to flow which depends on the flow rate of lymph depending on 
presenting conditions such as during inflammation. In order to develop appropriate physical models of 
Lymph node transport we take the approach suggested by Brinkman in 1947 that adapts the Darcy’s 
law by adding a Laplacian viscous term. The parameters used in Darcy’s law include the dynamic 
hydraulic resistivity matrix of the lymph node. 
Defining this resistance parameter is difficult due to the highly antisotopic nature of the 
lymph node. Therefore, it is necessary to quantify certain physical properties such as permeability. 
The goal of this study is to design a novel tissue permeability device to test hydraulic permeability of 
the lymph node tissue that will also take into account for the anisotropic nature of the lymph node. 
The device will also be able to test for hydraulic permeability during different pathological conditions 
that affect the resistance of the lymph node tissue. 
Results acquired will enable us to develop a model of lymph flow through the node and better 
our understanding of how resistance of lymph flow is affected during the immune response. 
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Specific Aims 
Design a novel permeability device to test hydraulic permeability in Lymph node tissue. 
The device should be able to account for the highly anisotropic nature of the lymphoid tissue 
as well as measure a range of possible tissue states.  
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Introduction to the Lymph Node  
In part I we mentioned that the lymphatic system plays a vital role in the immune response. In 
this section we shall discuss the role of lymph nodes in the immune response and the challenges in 
creating a biological model of lymph transport through the node. 
As mentioned earlier, lymph is derived from interstitial fluid from interstitial spaces. A system 
of converging lymphatic vessels funnels lymph to lymph nodes and returns interstitial fluid to the 
circulation. There are many sites along the lymphatic highway where lymph vessels converge at lymph 
nodes. Lymph nodes are soft pale tan, lumpy looking nodes that contain large numbers of lymphocytes, 
macrophages and antigen presenting cells (APCs). It is within these lymph nodes that APCs and naïve 
lymphocytes are brought together to initiate the primary immune response.  
Lymph nodes are traditionally regarded as having three compartments, the cortex, paracortex 
and medulla. The basic anatomical functional unit of the lymph node is the lymphoid lobule. (Figure1). 
The smallest lymph node may contain a few lobules or just one. For simplicity, we will only look at a 
single lobule lymph node.  The cortex consists of follicle and interfollicular cortex. B cells migrate to 
primary follicles to survey follicular dendritc cells (FDCs) within the cortex. The Paracortex consists 
of central and peripheral Deep Cortical Unit (DCU) as well as the paracortical sinus. T cells migrate to 
the paracortex and interfollicular cortex to survey Dendritic Cells (DCs).  
 
 
   
 Willard-Mack, C.L 2006 
 
 
 
 
Figure 1: On the right, a lymph node with multiple lobules all containing the three main 
compartments the subcortex, paracortex and medulla. Left is a single lobule that is discussed in the 
text. 
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 When foreign antigens invade the body DCs and inflammatory mediators generated by local 
immunological activity at the site of infection are picked up by the lymphatic vessels and swept into the 
flow of lymph. At the lymph node, the APC display the antigens to lymphocytes, the reactive 
lymphocytes undergo clonal expansion to produce new lymphocytes and plasma cells, and the resulting 
plasma cells secret antibodies into the lymph. This immunological process takes place within the 
reticular meshwork. The reticular meshwork is present throughout the lymph node and consists of 
fibroblastic reticular cells (FRCs) and reticular fibres. They create channels and interstices (forming a 
conduit system) that are occupied by lymphocytes, macrophages and APCs. It is through these channels 
that lymphocytes proliferate and migrate during stimulation (Willard-Mack 2006). 
 
Roozendaal et.al 2008 
Figure 2: The conduit system. The basic structure of the lymphoid compartment of the lymph node is 
formed by a network of interconnected FRC that are wrapped around a highly organized core of 
collagen fibers and associated fibrils inside a basement membrane. The tubular conduit system that is 
formed this way transports lymph fluid from the subcapsular sinus throughout the lymphoid 
compartment and ends at high endothelial venules. At places where the basement membrane is not fully 
covered by the FRC, resident dendritic cells are located that are able to reach inside the conduit to pick 
up antigens that have entered the conduit. The open spaces that are formed outside this unique 
organization of FRC are filled with lymphocytes that actively migrate along the network, activated by 
chemokines produced by the FRC. 
 
 
 The lymph node also consists of high endothelial venules (HEVs). HEVs are essential in 
transportation of intravascular lymphocytes into the lymph node. During adaptive immune response it 
is necessary for T cells to be activated. This happens through their recognition of foreign bodies bound 
to APCs. Naïve T cells in the circulation move through the lymph node via HEV to adapt to specific 
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DC resulting in the immune system mounting the correct response against infection. HEVs are named 
so because of their characteristic ‘high’ cuboidal endothelial cells that bear lymphocyte receptors. 
 Each compartment in the lymph node has its own transport characteristics (Roozendal et 
al.,2009). Roozendal et. al showed that transport through LN depends on antigen size, and occurs in a 
distinctly anisotropic fashion, with movement of small (~15 KDa) antigens directed along conduits 
directly from the SCS into B cell follicles. Larger antigens (~240 kDa) were bound by macrophages in 
the SCS for subsequent transport to the follicular B cells.  Various antigen based models (ABMs) have 
been used to model the transport of antigens, but because of the highly anisotropic nature of lymph 
nodes, however an appropriate model to describe movement of proteins through the LN has yet been 
developed.    
  We propose applying a combination of physical modelling with ABM to LN. As discussed, 
the LN has a high degree of size selectivity. The proposed model takes into consideration the 
nonhomogeneity, anisotropy and size-dependent transport characteristics of lymph. The model 
describes transport of particles from afferent lymphatics into the subcapsular sinus (SCS), on to the 
medulla directly or via the B-cell follicles and T-cell cortex conduit pathway which then exit via the 
efferent lymphatic and/or the HEV. 
  LN transport is likely to be well described by analysis tools for porous media flows. Brinkman 
(1947) suggested adapting Darcy’s laws by adding a Laplacian viscous term, resulting in 𝛻𝑝 =  −𝑹 ⋅
 𝒗 + µ∇22 𝒗, where p is the pressure field, R is the dynamic hydraulic resistivity matrix, 𝑣 is the lymph 
velocity vector and µ is viscosity (bold indicates vectors or matrices). The use of a matrix representation 
for R accounts for anisotropy. A similar approach was employed by Tada and Tarbell to model 
interstitial flow through the arterial wall media (Tada and Tarbell, 2002).  
In order to develop values for the hydraulic resistivity, we propose undertaking experimental 
studies on the permeability of lymph nodes. Using the simple Darcy’s law we can make estimates of 
the intrinsic permeability of the lymph node. 
Methods and Materials  
  
Fresh frozen lymph node samples from four different categories as defined by their presenting 
pathologies have been obtained with approval from the ICHTB board:  normal (healthy LN), enlarged 
LN with inflammatory changes but no cancer, normal appearing but with microscopic tumor deposits 
and bulky cancerous lymph nodes  
All samples are obtained with approval from patients diagnosed with advanced peritoneally 
disseminated ovarian cancer who have undergone a pelvic and/or paraaortic lymphadenectomy due to 
suspicious and/or enlarged LN within the concept of achieving total macroscopic tumour clearance. 
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The LN is anisotropic in nature give the lymph flow profile through the lymph node. This 
anisotropic nature of the LN tissue is to be characterized by testing permeability through three planes 
(subcategories a,b,c), i.e flow will be directed in 3 different directions as follows, (a) transverse plane 
(afferent to efferent tubes vessels, or top to bottom direction (b) frontal plane (efferent to afferent or 
bottom to top-front to back direction) , and (c) longitudinal median plane cross section (left / to right 
direction).  
Multiple samples would also be required to develop a suitable correlation between different 
tissues within the LN ( i.e medullary sinus, B-cell follicles, and T-cell cortex, paracortex) 
 
Permeation Apparatus Design. The unidirectional flow rate of a fluid 𝑞 through a porous 
continuum depends on the pressure gradient ∇𝑃,  the dynamic viscosity of the fluid, and the Darcy’s 
permeability of the medium 𝑘. Defining Darcy’s law as 𝑞 = 𝐴(−𝑘/𝜇)∇𝑃, where A is the cross-
sectional area of the porous medium. A schematic of the device is shown in figure 3. 
 
 
 
 
Figure 3: 3D rendering of the permeability device in Inventor Pro(AUTOCAD)  
 
 The device was coupled to the iPerfusion system (figure 4) which creates a flow of media 
(distilled water) across the sample and measures the pressure drop through the column. The iPerfusion 
system consists of a reservoirs attached to an actuator that allows regulation of hydrostatic pressure. 
The water then flows across an ultrahigh pressure flow sensor (SLG64-0075 SENSIRION Sensor 
Company). That is capable of sensing flow between to 5 µl/min to 20 µl/min.  
 
Sample held in 
place in between 
two porous 
membranes with 
negligible 
resistivity, to 
prevent sample 
buckling  
Rubber sealant   
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Initially, the pressure transducer is calibrated by adjusting the inlet pressure to measure zero 
voltage across the transducer. A calibration curve of hydrostatic pressure to recorded transducer 
pressure is then created by varying the height of the inlet reservoir connected to the actuator. The 
resistance within the flow meter is then accounted for by creating another calibration curve for the 
capillary tube. This allows us to record the pressure difference across the sample by taking into account 
the voltage drop across the flow sensor. 
 
The transducer measures the pressure difference across the sample, and the flow sensor measures the 
rate of flow in the system. 
 
 
 
Figure 4:. Schematic of the iPerfusion system the inlet reservoir is used to calibrate the transducer 
pressure to hydrostatic pressure by varying the high to of the actuator. 
Preliminary Results 
 
Device Validation.  To validate the permeability device we initially undertook fluid flow measurements 
using an acrylamide/BIS-acrylamid gel (19:1 ratio) of 40% concentration, with an average known 
permeability of 0.18x10-12cm (Fernandez, 2013). Two tests were conducted to ensure that the device 
was leak proof as well as functional. Resistance of the gel was calculated from pressure change and 
recorded flow rates (∆𝑃/𝑄).  The hydraulic permeability was then calculated as 
 
𝑘 =
𝑄𝜇ℎ
∆𝑃𝐴
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∆𝑃 is the change in pressure across the device in Pascals,  𝜇 is the density of water. Hydraulic 
permeability is calculated in  𝑚𝑚2. The hydraulic permeability of the two tests conducted are shown 
below. 
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Figure 5: Distribution of permeability values for the two gel tests. The outliers are from the beginning 
of the flow set up, before steady flow across the gel sample. 
 
The first test measured a mean permeability of -1.4e-12mm2 and the second a 5.146e-12mm2. Both gels 
were of the same concentration and should have presented permeability measurements in the same 
range.  
 
Three lymph node tissues were also used to validate the device functionality. The lymph nodes 
had been embedded in formalin and results do not reflect the permeability of lymph nodes. The first 
two tests exhibited a transient response to pressure increase. We therefore, performed an experiment 
with constant hydrostatic pressure to investigate the observed response to determine if the changing 
hydrostatic pressure was increasing the resistance over time as shown below 
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Figure 6: The change in resistance across the lymphatic tissue sample over a period of 2hours at a 
constant hydrostatic pressure, the resistance increases slowly with time perhaps due to tissue 
reorganization as the fluid inadvertently remodels the tissue. 
 
Figure 7: Is the distribution of hydraulic permeability of the three tests carried out with lymph node 
tissue. Experiments A and B were conducted with changing hydrostatic pressure, while experiment C 
was conducted with constant hydrostatic pressure. 
 
The lymph node permeability was calculated as 3.9273e-12 mm2 for test A, test B was 6.5170e-12 mm2, 
and test C as 1.9703e-13mm2. 
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Discussion  
 
After reviewing the permeability results we concluded that the acrylamide gels failed to form a 
perfect seal within the sample chamber. A redesigning of the system to prevent fluid seepage around 
the gel is essential. PDMS sample holders have been proposed as a viable possibility. The acryamid gel 
samples are to be cast in the PDMS sample holder of 3.5mm in diameter and 2-1 mm long casts.  
 
Lymph node tissues exhibited a transient response to flow. This may be perhaps due to tissue 
reorganization due to the flow; the tissue samples also contain arterial vessels which create large pores 
for fluid flow and offer very little resistance. At the start of the experiment, we hypothesize that the 
sample was oriented with a large pore in parallel to the flow, but as the tissue reorganized itself, 
resistance to the flow increased. Following experiments need to account for blood vessels and the use 
of fresh tissue samples as well as the highly anisotropic nature of lymph nodes. 
 
The Permeability device designed to measure lymph node permeability, the large variability 
between tests have been attributed to acrylamide gels failing to create a perfect seal within the sample 
chamber. a redesigning of the system to prevent fluid seepage around the gel is essential. PDMS sample 
holders have been proposed as a viable possibility. In figure 6, the tissue exhibits a transient response 
to flow. This may be perhaps due to tissue reorganization due to the flow; the tissue samples also contain 
arterial vessels which create large pores for fluid flow and offer very little resistance. Following 
experiments need to account for blood vessels and the use of fresh tissue samples. 
 
From the preliminary results it is clear that there is the need for extensive improvement on the 
device design and in order to produce a viable and repeatable experimental outcome. Further studies on 
lymph node tissues will help us identify flow through the lymph node and shed light on the adaptation 
of the lymph node during immune responses. 
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Figure 1. Schematic of proposed contractile filament architecture similar to that of Airway 
smooth muscles from Kuo & Seow (2004) 
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Figure2. Schematic describing the population distribution of bound crossbridges at different 𝑥 
displacements 
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Figure 3.Schematic of the rate of crossbridge attachment and detachment in the Huxley model, 
During positive displacement in x, g and f are a function of x. f(x) is non zero only for displacements 
within 0<x<h. Where h is the powerstroke length, the distance in x that a crossbridge can remain 
attached to the actin binding site. 
 
 
 
 
 
 
 
Figure.4. Schematic of crossbridges in smooth muscles, each crossbridges has a unique x, creating a 
spatial gradient of crossbridges at any given time 
 
 
 
 
 
 
 
 
𝑥 Unstressed position x=0 Thin filament 
Thick filament 
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Figure 5. Hai-Murphy’s four state Model: with the latch regulatory scheme for Ca2+dependence.A 
actin(actin filament);myosin crossbridge states are M(detached and unphosphorylated); Mp(detached 
phosphorylated); AMp(attached phosphorylated); AM(attached, unphosphorylated, or latch bridge). 
k1and k6 represent MLCK activity while k2 and k5 represent MLCP activity. g(x) represents the latch 
bridge detachment rate 
 
 
Mijailovich et al. 2000 
Figure 6. Schematic of showing the conservation of the number of cross-bridges: the attachment region 
R is defined as x<0<h, where 𝑓𝑝  is positive and 𝜉 is a local coordinate of the actin site available in R. 
𝑙𝑎 = 𝜆, is the distance between the actin sites. Left-isometric case, Right-after lengthening, and some 
myosin heads are drawn away from R while still attached, while unoccupied actin sites are moved into 
R. Semi-transparent boxes represent actin sites before lengthening while solid boxes represent actin 
sites after lengthening. 
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Figure 7. (schematic A) an adapted schematic of the Huxley model to include phosphorylation of 
myosin heads before attachment. A actin(actin filament);myosin crossbridge states are M(detached and 
unphosphorylated); Mp(detached and phosphorylated); AMp(attached and phosphorylated); k1 
represent MLCK activity while k2 represents MLCP activity by mimic Ca
2+concentration.  
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Schematic of interation in lymphatic muscle from the tissuee level to the molecular level, 
interactions can be dependent on changes in ion levels such as on Ca2+  flactuation, or changes in 
transmural pressure or even  changes in radius. The models at each level help to elucidate how different 
pathologiees affect different states of work and the interactions  between systems. 
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 Brook 
and Jensen, 2013 
Figure 9.1D model of a cell Model of a single cell, consisting of contractile units or sarcomeres 
of length YA and YB  each generating a force FA and FB respectively. YA is connected to a relatively stiff 
nucleus (stiffness EA) , The elasticity of the cytoskeleton itself is depicted as another spring in parallel 
with stiffness EC. The effect of the extensional viscosity of the whole cell, is represented as a dashpot in 
parallel, with extensional viscosity μD. 
 
 
 
 
 
 
 
Figure 10.  simple illustration of  single lymphangion with an internal pressure pin and 
thickness of h, the radial lumen R(t)>>h and therefor the law of Laplace for thin walls is assumed 
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Results 
 
Figure 12. Evolution of cross-bridges population for 60 sec simulations using modelling 
parameters of Hai-Murphy’s four-state model in isometric steady state. 
 
Figure 11, Tthe adapted Huxley model with constants as defined by Zahalak 1986,where  the 
crossbridge cycle is driven by MLCK activation. (A) This creates a slow rise in active force 
(is active force is equal to AMp levels)  reaching a steady state as crossbridges are only able 
to detach from phosphorylated myosin heads. In theory this means that the demand for ATP 
within the cell is unfavourably high. (B) illustrates the effect of increasing the rate of MCLK 
activation. In A, the rate is healed constant at 0.55 then increased to 0.6 after 5 secs  
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Figure 13   (bottom) is a fitting of myosin phosphorylation as modelled and published by Hai-Murphy 
(Hai,1988), compared to simulations run using Hai-Murphy’s parameters (top) validating the model 
written in MATLAB. MCLK activation rate constants k1 and k6  are ( left),0.,55 for  t=0 to 5s 
followed by 0.3s-1for t>5s and (right)t, 0.35s-1 for t=0 to 5s  followed by 0.085.s-1for t>5s.  
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Figure 14 Top, simulation results showing the evolution of crossbridges using parameters 
described by Mijailovich et.al. 2000 compared to their published data bottom. At. t=60, L is constant 
and is the steady state distribution of crossbridges during isometric force generation. Once 
crossbridges reach equilibrium of distribution, the simulation is exposed to fluctuating length changes 
with a small stretch amplitude of 1%. resulting in a redistributing myosin crossbridges. 
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Figure 15: Simulation results showing Force production during isometric force generation 
(t<60) and after initiation of length fluctuations with 0.1% stretch amplitude using parametersused by 
Mijailovich et. al. 2000 
 
 
 
 
 
  
67 
 
 
Lymph Node 
   
Figure 1 On the right, a lymph node with multiple lobules all containing the three main compartments 
the subcortex, paracortex and medulla. Left is a single lobule that is discussed in the text. 
 
 
Roozendaal et.al 2008 
 Figure 2 The conduit system. The basic structure 
of the lymphoid compartment of the lymph node is 
formed by a network of interconnected FRC that 
are wrapped around a highly organized core of 
collagen fibers and associated fibrils inside a 
basement membrane. The tubular conduit system 
that is formed this way transports lymph fluid 
from the subcapsular sinus throughout the 
lymphoid compartment and ends at high 
endothelial venules. At places where the 
basement membrane is not fully covered by the 
FRC, resident dendritic cells are located that are 
able to reach inside the conduit to pick up antigens that have entered the conduit. The open spaces that 
are formed outside this unique organization of FRC are filled with lymphocytes that actively migrate 
along the network, activated by chemokines produced by the FRC. 
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Figure 3. 3D rendering of the permeability device in Inventer Pro(AUTOCAD)  
 
 
 
Figure 4. Schematic of the iPerfusion system the inlet reservoir is used to calibrate the transducer 
pressure to hydrostatic pressure by varying the high to of the actuator. 
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Figure 5: distribution of permeability values for the two gel tests. The outliers are from the beginning 
of the flow set up, before steady flow across the gel sample. 
 
 
 
 
 
 
Figure 6. The change in resistance across the lymphatic tissue sample over a period of 2hours at a 
constant hydrostatic pressure, the resistance increases slowly with time perhaps due to tissue 
reorganization as the fluid inadvertently remodels the tissue. 
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Figure 7 Is the distribution of hydraulic permeability of the three tests carried out with lymph node 
tissue. Experiments A and B were conducted with changing hydrostatic pressure, while experiment C 
was conducted with constant hydrostatic pressure. 
 
 k1(t)=k6(t) fp(x)  (s
-1) gp(x) (s
-1) G(x) (s-1) k2=k5 (s
-
1) 
Huxley Model 
with 
phosphorylation 
regulation 
0.5s-1, t<5s 
0.3s-1, t>5s 
0, x<0 
0.1x, 0<x<h 
0, x>h 
0.5, x<0 
0.5x.  x>0 
 0.5 
Hai-Murphy 
Model  
 
0.35s-1, t<5s 
0.06s-1, t>5s 
0 ,         x<0 
0.88,  0<x<h 
0 , x>h      
4.40 ,   x<0 
0.22x,  0<x<h 
0.88x , x>h      
0.2,         x<0 
0.04x,  
0<x<h 
0.03x , x>h      
0.1 
HHM 0.35s-1, t<5s 
0.06s-1, t>5s 
0 ,         x<0 
0.88,  0<x<h 
0 , x>h      
4.40 ,   x<0 
0.22x,  0<x<h 
0.88x , x>h      
0.2,         x<0 
0.04x,  
0<x<h 
0.03x , x>h      
0.1 
Table 1: Values used during simulations 
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List of Symbols  
 
Symbol Description 
𝑴  
 
Unattached and unphosphorylated  myosin heads 
(crossbridge) 
𝑴𝒑 
 
Unattached and phosphorylated  myosin heads  
𝑨𝑴 
 
attached and unphosphorylated  myosin heads  
𝑨𝑴𝒑 
 
attached and phosphorylated  myosin heads (latch state) 
𝝏  
𝝏𝒕
𝒏(𝒙, 𝒕) − 𝒗(𝒕)
𝝏
𝝏𝒙
𝒏(𝒙, 𝒕) = 𝒇(𝒙)(𝟏 − 𝒏(𝒙, 𝒕)) − 𝒏(𝒙, 𝒕)𝒈(𝒙) 
 
𝒏(𝒙, 𝒕) 
 
𝒇(𝒙) 
 
𝒈(𝒙) 
 
𝒗(𝒕) 
Huxley 1957 
Convection –advection 
equation  
 
Attached crossbridges 
(𝐴𝑀 + 𝐴𝑀𝑝) 
Rate  of attachment  
 
Rate of detachment  
 
Relative velocity 
between actin and 
myosin filaments 
𝒌𝟏(𝒕) 
𝒌𝟔(𝒕) 
MLCK rate of phosphorylation 
 
𝒌𝟐 
𝒌𝟓 
MLCP rate of dephosphorylation 
 
 
𝝏
𝝏𝒕
𝑵(𝒙, 𝒕) − 𝒗(𝒕)
𝝏
𝝏𝒙
𝑵(𝒙, 𝒕) = 𝑺(𝒙, 𝒕)𝑵(𝒙, 𝒕) 
 
 
𝑵(𝒙, 𝒕) 
Conv-advec equation of 
adapted huxley model 
with phosphorylation 
regulation 
[𝑁𝑚,𝑁𝑚𝑝,𝑁𝑎𝑚𝑝] 
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 𝑺(𝒙, 𝒕)= 
(
−𝒌𝟏(𝒕)                𝒌𝟐                   𝟎  
𝒌𝟏(𝒕)      −(𝒌𝟐 + 𝒇(𝒙))   𝒈(𝒙)
𝟎                   𝒇(𝒙)                   𝒈(𝒙)    
) 
Transition Matrix 
 
𝝏
𝝏𝒕
𝒏(𝒙, 𝒕) − 𝒗(𝒕) 
𝝏
𝝏𝒙
𝒏(𝒙, 𝒕)  = 𝑻(𝒙, 𝒕)𝒏(𝒙, 𝒕) 
 
𝒏(𝒙, 𝒕) 
 
 
𝑻(𝒙, 𝒕) 
 
 
 
Conv-advec equation as 
adapted by Hai-Murphy 
Population of myosin 
species 
[𝑛𝑚, 𝑛𝑚𝑝, 𝑛𝑎𝑚𝑝, 𝑛𝑎𝑚] 
 
Transition Matrix 
𝝏
𝝏𝒕
𝑵(𝒙, 𝒕) − 𝒗(𝒕) 
𝝏
𝝏𝒙
𝑵(𝒙, 𝒕) = 𝑻(𝒙, 𝒕)𝑵(𝒙, 𝒕).  
 
 
𝑵(𝒙, 𝒕) 
 
Conv-advec equation as 
adapted by Huxley-Hai-
Murphy 
Population of myosin 
species 
[𝑁𝑚, 𝑁𝑚𝑝, 𝑁𝑎𝑚𝑝, 𝑁𝑎𝑚] 
 
 
 
 
 
 
 
 
